From ab initio electronic structure calculations it has been predicted that 4-(dimethylamino)phenylacetylene (DACET) will undergo an exothermic intramolecular charge transfer (ICT) reaction with dual fluorescence even under isolated-molecule conditions. Photostationary and time-resolved fluorescence measurements reveal however that an ICT reaction does not occur with DACET under any condition of solvent polarity or temperature studied. DACET is similar to 4-(methyl)aminobenzonitrile, which shows only fluorescence from a locally excited state, but is clearly different from the dual fluorescent 4-(dimethyl)aminobenzonitrile (DMABN). The energy gap A E(S 1,$2) of DACET is larger than that of DMABN, supporting the importance of this gap in these ICT reactions. © 1997 Published by Elsevier Science B.V.
Introduction
Recently, Sobolewski and Domcke reported on ab initio electronic structure calculations with 4-(dimethyl)aminobenzonitrile (DMABN) [1, 2] and 4-(dimethylamino)phenylacetylene (DACET) [2] . They predicted that intramolecular charge transfer (ICT) would occur with DACET in the singlet excited state and that this molecule would show dual fluorescence even under isolated molecule conditions. It should be noted that in the case of the well-known dual fluorescent molecule DMABN [3] [4] [5] [6] [7] such an emission from a locally excited (LE) and a charge transfer (CT) state has not been observed in molecular jets [81. 
DACET
Over the years, a substantial number of calculations of the excited state properties of DMABN have been published, see Refs. [1, 2, 9, 10] and references cited there. Whereas in the experimental studies a variety of excited state mechanisms have been proposed and discussed [3] [4] [5] [6] [7] [11] [12] [13] , involving different reaction pathways and reaction coordinates, the theoretical approaches took into account mainly one reaction coordinate in their description of the ICT reaction from the LE to the CT state. This reaction coordinate was taken to be the twisting of the dimethylamino group with respect to the benzonitrile moiety, from a planar starting configuration in the S O ground state to a perpendicular configuration of the final CT state: the 'twisted intramolecular charge transfer' or TICT mechanism [3, 4] . All other configurational aspects of the molecule were generally left unchanged. In the DMABN calculations of SerranoAndrrs et al. [9] the same bond distances were taken for the ground as well as for the LE and CT states. These authors calculated the excitation energies as a function of the twist angle of the amino group with respect to the benzonitrile plane and also for one additional value of the amino wagging angle. Note that the TICT hypothesis in its essence consists of a statement on the molecular structure of the final equilibrated CT state and that the detailed dynamics of the ICT reaction is not an integral part of this model [14] .
In the calculations of Sobolewski and Domcke [1, 2] , a change in the configuration of the cyano group of DMABN was taken into account as a second reaction coordinate next to the twisting of the dimethylamino group. It was concluded that the structure of the cyano group of DMABN changes by rehybridisation, from linear in the LE state to bent in the final CT state. For this CT state having an overall planar configuration with a bent cyano group, the term RICT (R from rehybridised) was introduced. Bending of the cyano group rather than twisting of the amino group was suggested to be responsible for the stabilisation of the CT state in DMABN [1] . The calculations were carried out in three steps. First, the geometry of the electronic ground state and the TICT and RICT excited states were optimised by using HF/SCF and CIS methods [1, 2] . The bond distances for the LE state were taken to be the same as for S 0. In the second stage, the CASSCF method [9] was employed at the fixed geometries obtained in the first step, followed by an inclusion of dynamic electron correlation effects via CASPT2, see Refs. [1, 2] .
Similar calculations were performed with DACET [2] , a molecule which is isoelectronic with DMABN. As a result, an energetically low-lying CT state was found, with an in-plane bent CCH acetyleno group, due to rehybridisation of the acetyleno carbon atoms, comparable to the rehybridised bent cyano group in the case of DMABN. In this second paper [2] two local minima were predicted to exist on the potential energy surface of the lowest excited singlet state: one with a twisted dimethylamino group and a second with an in-plane bent cyano (DMABN) or acetyleno (DACET) group. It was concluded [2] that in DMABN the TICT and RICT mechanisms may compete with each other in the ICT reaction. For this reaction in DACET, however, the bending of the acetyleno group was expected to be strongly preferred over the twisting of the dimethylamino group, as the RICT state represents here the global minimum of the potential energy surface [2] .
In order to test the prediction that DACET would be dual fluorescent, this molecule was synthesised and its photostationary and time-resolved photophysical properties such as fluorescence decays and quantum yields were studied. The results of these experiments are presented here, showing that neither dual fluorescence nor an ICT reaction is observed with DACET.
Experimental
DACET was synthesised following a procedure described in the literature [15] . 1H-NMR (CDC13): 6 = 2.98 (s, 7H, 2 × CH 3 + CH), 6 .63 (d, 2H, J = 8 Hz, arom. H), 7.38 (d, 2H, J = 8 Hz, arom. H). The melting point was 52-53°C. DACET was purified by HPLC immediately before the experiments. It was found that this molecule readily undergoes a reaction, probably a polymerisation [16] , in the dark as well as under laser excitation. Unless fresh solutions are used, this reaction leads to the appearance of a new red-shifted band between 25 000 and 30 000 cm-~ in the absorption spectrum. In the fluorescence spectrum of the degraded DACET a new emission appears, red-shifted with respect to its LE band, with a maximum around 20 500 cm-1 (diethyl ether). The synthesis of 4-(methylamino)benzonitrile (MABN) has been described previously [12] . MABN and DMABN (Aldrich) were purified by HPLC.
The solvent n-hexane (Merck, Uvasol) was used as received. Diethyl ether (Uvasol) and acetonitrile (Baker, for HPLC) were purified by chromatography over alumina and alumina plus active charcoal, respectively, just prior to use. The other solvents, employed in the solvatochromic measurements, were chromatographed over alumina or alumina and active charcoal (proprionitrile). Toluene (Uvasol) was refluxed with potassium. No extraneous fluorescence was found to be present under the prevailing excitation conditions.
The fluorescence spectra were measured by using a quantum-corrected Shimadzu 5000PC spectrophotometer. The fluorescence quantum yields qb were determined at 25°C by comparison with a quinine sulphate solution (in 1.0 N H2804, ~ = 0.546 [17] ) of equal optical density at the excitation wavelength.
The nanosecond and picosecond time-correlated single-photon counting (SPC) data were obtained with systems described previously [6, 12] . The analysis of the fluorescence decays was carried out by using the method of modulating functions [ 18] .
sorption and the maximum of the stronger structureless band is larger for DACET (4150 cm -1) than for DMABN (3820 cm-1), see Table 1 . This energy difference is related to the energy gap AE(S1, S 2) between the two lowest excited singlet states [5] [6] [7] . Larger values for this gap are found (Table 1) for MABN (4540 cm -1) and especially for 4-aminobenzonitrile (ABN) (5130 cm 1). In the polar solvent acetonitrile the main absorption maximum of DMABN is more strongly red-shifted relative to n-hexane than the structured band, leading to a complete overlap of the last absorption (Fig. 1) . With DACET in acetonitrile the weaker band is still clearly visible, due to a smaller red-shift of the strong absorption maximum of DACET as compared with that of DMABN, see Fig. 1 . This observation means that in acetonitrile the energy gap AE(S1,S 2) of DACET is considerably larger than that of DMABN.
Energies E(S~) and energy gaps AE(St,S 2)

Results and discussion
Fluorescence spectra
The fluorescence and absorption spectra of DACET in n-hexane and acetonitrile at 25°C are depicted in Fig. 1 . The corresponding spectra of DMABN are also presented for comparison. In the fluorescence spectra of both molecules in n-hexane there is no indication of the presence of a dual fluorescence: only an LE emission is observed [19] . In acetonitrile, the DACET fluorescence spectrum likewise consists exclusively of an LE emission band, in clear contrast with the dual fluorescence of predominant CT character [6, 13] observed with DMABN in acetonitrile, as shown in the fight part of Fig. 1 . This absence of dual fluorescence in the case of DACET is confirmed over the entire temperature range accessible with n-hexane and acetonitrile.
Absorption spectra
It is seen from the absorption spectra in n-hexane ( Fig. 1 ) that the energy difference between the first vibrational peak of the lower energy structured abExperimental and theoretical data for the energy E(S 1) of the S~ state relative to the ground state and the energy gap AE(SI,S 2) of DACET, DMABN, MABN and ABN are listed in Table 1 . The experimental energy E(S 1) of DMABN, as an example, decreases due to solvation from 32210 cm -J in the gas phase (32260 cm-I under jet conditions [8] ) to 31970 cm 1 in perfluoromethylcyclohexane and 31650 cm-~ in the more strongly solvating n-hexane.
The energy gap A E(SI,S2), approximated from the absorption spectra as described in Section 3.2, decreases from 4320 cm 1 in the gas phase to 3820 cm-1 in n-hexane. These data refer to the vertical transition from the S o state, as is also the case for the theoretical data [1, 2] . The calculated value [1, 2] for E(S~) of DMABN (33310 cm -1) is larger than the experimental energy in the gas phase, whereas for A E(SI,S 2) (3060 cm -1) theory predicts a considerably smaller value than that observed. A similar trend is found for the energy E(S 1) of DACET and ABN, while the calculated and experimental energy gaps AE(S1,S 2) of ABN are of comparable magnitude ( Table 1) . As an important result, the theoretical calculations [1, 2] 
Solvent polarity dependence of fluorescence spectra
The fluorescence spectrum of DACET was measured at 25°C in a variety of solvents of different molecular nature and polarity. The solvent polarity is represented here by the polarity scale f-f' (Eq. (1)
For all solvents studied, only a single emission band Table 1 Experimental and calculated energies E(S I) and energy gaps A E(S t ,$2) in 1000 cm-1 of 4-(dimethylamino)phenylacetylene (DACET), (2) 0.000 toluene (3) 0.013 di(n-butyl) ether (4) 0.092 di(n-propyl) ether (5) 0.116 diethyl ether (6) 0.161 ethylacetate (7) 0.200 tetrahydrofuran (8) 0.208 propionitrile (9) 0.290 acetonitrile (10) 0.306 n-propanol (11) 0.274 ethanol (12) 0.289 methanol (13) 0.309 (see Fig. 1 and Section 3.1) appears in the fluorescence spectrum. The energies of the band maximum hpmax(LE) are presented in Table 2 , together with those of the LE emission band of MABN and the CT and LE band maxima of DMABN. With DMABN in acetonitrile at 25°C the relatively small band around 27000 cm-I (see Fig. 1 ) contains an important contribution from degradation products [23] .
E(S,) AE(S,,S 2) E(S,) AE(S,,S 2) E(S,) ~E(S,,S 2) E(S,) AE(S,,S 2)
The red-shift with increasing solvent polarity experienced by the fluorescence band of DACET is of approximately the same magnitude as that found for the LE band of MABN and DMABN. The data for hvmaX(LE) are plotted against f-f' in Fig. 2, clearly demonstrating the similarity of the photostationary spectral behaviour of DACET and MABN. As it has been established that in the case of MABN an ICT reaction does not take place in the excited singlet state [5, 12, 19] , the same conclusion is drawn here for DACET.
The solvent polarity dependence of the fluorescence spectrum of DACET is completely different from that of DMABN, however ( Fig. 2 and Table 2 ). With the dual fluorescent DMABN, the energy h/,,max(cT) of the maximum of the CT emission band strongly decreases with increasing solvent polarity [12, 19] , see Fig. 2 . This behaviour is in accord with the considerably larger dipole moment /ze(CT) --17 D of the CT state as compared to the dipole moment /Ze(LE) ~-10 D of the LE state, as determined from time resolved microwave conductivity (TRMC) experiments [19] and also from solvatochromic measurements [24] . 
Time-resolved measurements. Nanosecond and picosecond time resolution
The fluorescence decay of DACET in n-hexane is purely single exponential, as determined from nanosecond SPC measurements, with a lifetime of 5.06 ns at 25 °C (Fig. 3) and 5.67 ns at -70°C.
With DACET in acetonitrile similar single exponential fluorescence decays are obtained over the entire temperature range between -44 and 75°C. The fluorescence decay time ~-of DACET in acetonitrile decreases from 4.44 ns at -44°C to 0.63 ns at 75°C. As the fluorescence quantum yield • similarly decreases by a factor of around 7 and an additional picosecond decay time does not appear, it is concluded that the decrease in ~-with increasing temperature is not caused by an ICT reaction (see Section 3.6).
The decays measured at 25°C are depicted in Figs. 3 and 4 . The nanosecond SPC experiments, with a time resolution of 40 ps per channel, result in a fluorescence decay time r I of 1.55 ns (Fig. 3) . From the SPC experiments carried out with the picosecond laser system (Fig. 4) , however, a double exponential fluorescence decay is obtained, with the decay times T 1 = 1.55 ns and ~-p = 4.16 ns. The additional time ~-p appearing in these SPC measurements is attributed to a photoproduct of DACET (see Experimental), which does not appear under the very mild excitation conditions of the nanosecond SPC experiments (flashlamp excitation).
The occurrence of an ICT reaction in electron donor/acceptor-substituted benzenes generally is accompanied by the appearance of a second decay time in the picosecond domain, especially at low temperatures, where the thermally activated back reaction CT ~ LE is slowed down with respect to the reciprocal CT lifetime [12] . The CT/LE fluorescence quantum yield ratio is given by Eq. (2)
where k}/kf is the ratio of the radiative rates for the CT and LE emissions, k~ and k a are the forward and backward ICT reaction rates and ~'~ is the lifetime of the CT state [12] . Whether an emissive CT state can be detected obviously depends on the ratio k,/(k d + 1/r~). O'(CT)/O(LE) will be close to zero, i.e., a CT emission cannot easily be observed, when k, is very small (possibly due to a large activation barrier for the LE ~ CT reaction) or when ka is very large (a small value for the CT stabilisation enthalpy -iX H [12] ). The optimal temperature range to detect a CT emission depends on the relative values of k d and 1/r~: low temperatures when k a >> 1/~-0 (small -iXH, as with DMABN in toluene [12] ) and high temperatures when k~ << 1/z~.
The absence of an additional picosecond decay time in the time-resolved fluorescence measurements with a resolution of around 5 ps presented here, therefore supports our previous conclusion based on photostationary experiments that an ICT reaction does not take place with DACET in n-hexane or in acetonitrile, neither in the low-or high-temperature range [ 12] . 
Fluorescence quantum yields and decay times. Radiative rate constants
The fluorescence quantum yields 4) and decay times r of DACET were determined in three solvents of different polarity: n-hexane, diethyl ether and acetonitrile (Table 3 ). The fluorescence quantum yield in n-hexane is relatively large, with a value of 0.28. For DMABN and MABN, in cyclohexane, similar quantum yields have been measured: 0.16 and 0.12, respectively [19] . With the 4-aminobenzonitriles, such • values mean that no ICT takes place. In the case of DMABN practically no CT emission occurs in alkane solvents [6, 19] , whereas with MABN only LE fluorescence is found in all solvents, irrespective of solvent polarity [5, 12] .
The time ~-derived from the single exponential fluorescence decay of DACET decreases in the same manner from n-hexane to acetonitrile as the quantum yield O, see Table 3 . This means that the radiative rate constant kf (= O/r) remains practically constant for the three solvents, especially when its value is corrected for the differences in solvent refractive index n, via the relation k:/n 2 [25] . It is therefore concluded that the molecular nature of the singlet excited state of DACET is independent of solvent polarity, in accordance with our conclusion that with DACET neither in n-hexane nor in acetonitrile an ICT reaction occurs in the singlet excited state. The decrease in qb and r from n-hexane to acetonitrile is hence due to nonradiative processes: intersystem crossing and/or internal conversion.
Solvatochromic data. LE dipole moment of DACET
In the calculations of Sobolewski and Domcke [ 1, 2] the magnitude of the dipole moment plays an important role in the identification of the molecular nature of the various excited states of DACET and DMABN. In this section the dipole moment of the LE state of DACET is therefore discussed. Its determination is based on the excited state dipole moments of MABN (LE) and DMABN (LE and CT), which have been measured by employing the TRMC method [19] , see Table 4 .
The energies h umaX(LE) of the emission maxima of DACET are plotted in Fig. 5 against those of MABN as well as those of DMABN (Table 2) . From the slope of these plots, the dipole moment of the LE state of DACET can be determined by using [20, 24, 26] -1 2
In Eq. (3), p is the equivalent spherical radius of the solute (Onsager radius) [20, 24] and e0 is the vacuum permittivity of the solvent. /z LE is the dipole moment of the relaxed LE state. It is assumed here that the FC of the Franck-Condon (FC) dipole moment /Zg ground state reached upon emission from this LE state is identical with the dipole moment /Zg of the equilibrated ground state S o [20] .
The slope of the plots in Table 2 and Fig. 2 . The numbering of the solvents is given in Table 2 . for DACET and MABN (Fig. 5a) or DMABN (Fig.  5b) . From the values of these slopes, DACET/MABN = 0.81 and DACET/DMABN = 0.75, together with the data for /Zg and geLE(MABN,DMABN) from Table 4 and the difference in length of the molecules [27] , a /x~ E dipole moment of 7 D is calculated for DACET from both plots in Fig. 5 , see Table 4 .
The dipole moment /x~ z of DACET can in principle also be determined from the slope LEz LE /Ze t #e --tXg)/p 3 (Eq. (3) ) of the plot of h v max (LE) of DACET against f-f' in Fig. 2 . Using this method, the same value for /Xe LE of 7 D is obtained. In this approach, the radius P of DACET is calculated (Eq. (3)) from the corresponding slope for DMABN and MABN in Fig. 2 and the known LE and S o dipole moments of MABN and DMABN [19] , taking into account the difference in molecular size as discussed above. In the more accurate method based on Fig. 5 , however, the specific solute/solvent interactions leading to the scatter of the data points in Fig. 2 , such as those in toluene, are mutually compensated. The dipole moment of 7 D determined here for the S~ state of DACET is lower than that calculated for the RICT (8.7 D) as well as the TICT (10.6 D) state of this molecule [1, 2] , see Table 4 .
Discussion and conclusions
The electron donor/acceptor-substituted benzene derivative DACET does not undergo an ICT reaction in the singlet excited state, contrary to the prediction made by Sobolewski and Domcke on the basis of ab initio electronic structure calculations [2] . The fluorescence from the Sj state of DACET originates from an LE state independent of solvent polarity, as deduced from the lack of dual fluorescence and the single exponential fluorescence decays observed with this molecule. The a priori possibility that the RIfT (or TICT) state of DACET is in fact close in energy to the LE state but cannot be reached because of a prohibitive energy barrier on the reaction pathway to the CT state is not experimentally verifiable.
The absence of dual emission in the case of DACET is in line with our hypothesis [5] [6] [7] 14 ] that a relatively small energy gap A E(SI,S 2) between the two lowest singlet excited states, leading to vibronic coupling of S~ and S 2, is a requirement for the occurrence of an ICT reaction in 4-aminobenzonitriles. As discussed in Sections 3.2 and 3.3, the energy gap AE(SI,S 2) of DACET is clearly larger than that of DMABN in n-hexane and remains relatively large in acetonitrile, due to the smaller difference between the dipole moments of the S l and S 2 states in the case of DACET. In our 'planar intramolecular charge tranfer' (PICT) model [14] it is postulated that the final CT state of DMABN is planar, based on the finding [13] that in this state the dimethylamino group is strongly coupled with the benzonitrile moiety.
A second important factor in causing the absence of dual fluorescence in the case of DACET is the much weaker electron acceptor strength of the acetyleno substituent as compared with the cyano group, which can be deduced from their respective influence on spectral properties [ Table 1 .
Our conclusion should be seen in the light of the striking difference between the findings of three recent theoretical approaches [1,2,9,10] concerning the molecular configuration of the CT state of DMABN. In calculations using the CIS method, Scholes et al. [10] presented evidence against the importance of a RICT state in DMABN. They supported their claim by indicating that the experimentally observed frequency decrease [33] for the stretching of the cyano group in the CT state of DMABN is not found in their calculations of the state with a RICT structure.
